The ability to generate and refine voluntary movements in order to achieve an intended outcome is a critical function of the nervous system. To achieve an intended purpose, one need not only select and initiate the appropriate action, but such decisions must be turned into actions that are correctly timed and sufficiently vigorous (e.g., pushing hard enough). The rapid and reliable execution of purposive movements belies the complex sequence of computations required for the selection/planning, initiation, and subsequent online control of execution (Wolpert and Ghahramani, 2000) . These computations are performed in distributed, interacting circuits including the neocortex, basal ganglia, and cerebellum (Doya, 2000) . The discovery that the progressive depletion of dopamine neurons (PDD) in the midbrain is the primary cause of Parkinson's disease (Ehringer and Hornykiewicz, 1960) demonstrated the critical role of the basal ganglia in the control of movement (Albin et al., 1989; DeLong, 1990 ). Many models of basal ganglia function focus on explaining action selection and initiation (Albin et al., 1989; Frank, 2011; Hikosaka et al., 2000; Mink, 1996) . However, disruption of basal ganglia activity, and specifically the loss of dopamine signaling, also profoundly affects the timing, velocity, and fluidity of movement execution (Berardelli et al., 2001; Buhusi and Meck, 2005; Turner and Desmurget, 2010) . For example, acute inactivation or lesion of the basal ganglia output can affect the velocity of movements without altering their selection or initiation Horak and Anderson, 1984) . In further support of a broad role for the basal ganglia in movement control, the majority of the modulation of neural activity in the basal ganglia occurs after movement planning and initiation (Bar-Gad et al., 2003; Turner and Desmurget, 2010) and is correlated with multiple aspects of movement execution (Rueda-Orozco and Robbe, 2015) . However, it has proven difficult to resolve the role of the basal ganglia in the online control of movement due to the sparseness and complexity of the neural representation of movement-related parameters (DeLong and Wichmann, 2009) .
A reduction in the vigor of voluntary movement is one of the most profound effects of either acute or chronic disruption of dopamine signaling (Palmiter, 2008; Salamone and Correa, 2012) . In studies of dopamine-depleted rodents, a reduction in the number or frequency of reward-seeking actions (''response vigor'') has reliably been observed. In Parkinson's disease, reduced vigor generally manifests as both a slowing of movement (bradykinesia) and a reduction in the total amount of movement (akinesia)-deficits that can be ameliorated by pharmacological treatment (Berardelli et al., 2001 ). Behavioral studies in Parkinsonian patients have revealed that the reduced velocity of movement (''movement vigor'') is a primary deficit rather than a result of compensation for coordination deficits (Baraduc et al., 2013; Mazzoni et al., 2007) . The extent to which such deficits in movement vigor are present in dopamine-depleted rodents is unclear, although it has been proposed that dopamine acting in the dorsal striatum is necessary to ''energize'' or invigorate action (Niv, 2007; Wang et al., 2013) . Nonetheless, the tight link between the state of dopaminergic signaling in the basal ganglia and the extent of bradykinesia suggests that comparing activity patterns between normal and dopamine-depleted states during purposive movements could aid in the identification of neural correlates critical for control of movement. However, whether or how PDD alters the neural representation of movement in the primary target of midbrain dopamine neurons-the striatum-has not been described.
Here, we use a mouse model of PDD (Ekstrand et al., 2007) to explore the role of the basal ganglia in controlling the vigor of voluntary, purposive movement. The MitoPark model uses a selective genetic deletion of an essential mitochondrial transcription factor in midbrain dopamine neurons resulting in gradual post-natal cell death and progressive dysregulation of basal ganglia circuitry. MitoPark mice exhibit a progressive bradykinesia of locomotion that exacerbates over the course of months, in parallel with the emergence of akinesia described previously (Galter et al., 2010; Li et al., 2013) . To explore the neural basis of this reduced movement vigor, we combined neural recordings from the dorsal striatum with an effort-based operant task that requires mice to adjust the vigor of a reaching movement to obtain reward efficiently. Our findings argue that the loss of the normal striatal representation of movement during execution is a circuit mechanism for reduced movement vigor following dopamine depletion. The parallel phenotypes in the MitoPark model and Parkinson's disease suggest that this could also be a circuit mechanism of bradykinesia in patients.
Bradykinesia in MitoPark Mice Is Evident in Both Gross and Fine Motor Tasks
Although bradykinesia is well characterized in Parkinson's disease patients, it has not been examined in detail during PDD in animal models. We characterized the emergence of gross motor dysfunction in individual mice that were allowed to freely explore an open-field environment. Wild-type (WT) mice (10 weeks old) exhibited stable levels of total movement in the subsequent 15 weeks of behavioral testing ( Figure 1A ). By contrast, MitoPark mice displayed a stereotypical and progressive decline in the overall frequency of movement ( Figure 1B) , reaching a minimum of $25 weeks postnatal (a point at which striatal dopamine levels are <20% of WT levels) (Ekstrand et al., 2007; Galter et al., 2010) . Concomitant with this decline in total movement, we observed a decline in the peak velocity of bouts of locomotion (''progressions'') in MitoPark mice ( Figures 1C, 1D , and S1). The MitoPark cohort became significantly bradykinetic relative to WT littermates during the fourth week of testing (p < 0.05, ANOVA with Bonferroni correction) at an age ($14-15 weeks) when significant decreases in striatal dopamine levels are first detected (Ekstrand et al., 2007; Galter et al., 2010) . Thus, bradykinesia is a dramatic phenotype in the MitoPark mouse and is tightly correlated with the loss of striatal dopamine. The observed bradykinesia was accompanied by significant alterations to the trajectories of locomotion such that the tortuosity increased over the course of dopamine depletion in MitoPark mice ( Figure S2 ). This could reflect variation in heading associated with repeated short bouts of slow locomotion, or could indicate that bradykinesia in locomotion was a consequence of a more pervasive deficit in coordination. In Parkinsonian patients, it has been shown that bradykinesia occurs without pervasive coordination deficits (Baraduc et al., 2013; Mazzoni et al., 2007) . Thus, we next asked whether the reduced vigor that manifests in locomotion would also be apparent in fine control of limb movements. We placed mice in a head-fixed operant chamber in which a joystick was positioned within reach of the forelimbs ( Figures 1E and 1F) . In this task, mice were required to produce a forelimb movement (''reach'') with sufficient vigor to displace the joystick from a starting position past a threshold distance to obtain a water reward ( Figures 1H and 1I ). The joystick was spring loaded and thus, in the absence of any applied force, returned to a central position. The task was effort-based because the average power or the rate of energy expenditure during a displacement of the joystick was proportional to reach amplitude and velocity (see Supplemental Experimental Procedures). Trials were arranged in blocks of 15 trials with distinct amplitude thresholds required to trigger reward (levels 1-4; Figure 1G ). Following a suprathreshold displacement of the joystick, a small liquid reward was delivered with a 1-s delay. The task was self-paced and trials were not terminated until a movement of sufficient amplitude was made, thereby requiring subjects to use the presence or absence of a delayed reward to infer the required displacement.
Mice were able to learn to complete blocks of all difficulties within a few weeks of training. Over the course of training, WT mice were able to rapidly adapt the vigor of their movements to the changing threshold requirements. Initially, MitoPark mice were also able to perform the task efficiently; however, as the degeneration of dopamine neurons progressed, performance was severely compromised ( Figure 1J ). By $25 weeks of age, the performance of MitoPark mice was so severely compromised that completion of all blocks required more than 90 min compared with the 10-15 min required by WT mice of the same age and training.
The time to complete the task could reflect aberrant coordination, slowness of movement, or other deficits. Thus, we next analyzed the kinematics of discrete reaches (Figures 1H and 1I) . WT mice showed an increasing peak reach velocity that correlated with improving task performance ( Figure 1K ). We then asked whether individual reaches in MitoPark mice were bradykinetic by analogy to the slow velocity of locomotion bouts. Indeed, the peak velocity of reaches systematically declined in the MitoPark mice in parallel with the increasing time required to complete the task ( Figure 1K ).
To efficiently collect reward, we hypothesized that mice would expend relatively less effort in trials with smaller displacement requirements even without an explicit requirement to do so. To examine this prediction, we computed parameters of each reach as a function of the block in which the reach occurred. We analyzed the entire outward component of the movement such that a movement made well beyond the threshold would be recorded. Thus, large movements in blocks with low displacement thresholds were possible. Conversely, trials continued until a suprathreshold movement was recorded and subthreshold movements were possible and included in the block-wise analysis. We found that the average and peak velocity of forelimb movements were the parameters most strongly correlated with the threshold requirement. Reach velocity was used as a correlate of vigor in subsequent analyses ( Figure S3 ). Consistent with efficient task performance, we found that in WT mice the peak velocity of a reach was well correlated with block difficulty (Figure 2A) . Efficiency was also obtained by a progressive reduction in the total displacement of joystick trajectories in the hardest blocks ( Figure 2B ). Together, these changes led to an improvement in task performance such that the time to complete a block gradually became independent of block difficulty in WT mice (rho = À0.68; p < 0.05; Figure S4 ). In summary, WT mice learn to make a fixed, small number of discrete reaches adapted to the threshold requirement of the trial.
If the loss of dopamine signaling plays an important role in adapting movement vigor, then PDD should manifest as a declining velocity of forelimb movements. Prior to significant differences in locomotion, MitoPark mice likewise completed the effort-based task comparably, or even better, than WT littermates. Concomitant with the emergence of deficits in locomotion, MitoPark mice began a progressive increase in time required to complete the task ( Figure 1J ) due to a disproportionate amount of time spent to complete the most difficult blocks (rho = 0.83; p < 0.001; Figure S4 ). The behavioral deficit became apparent around an age (14-15 weeks) when striatal dopamine levels are first significantly reduced (Ekstrand et al., 2007; Galter et al., 2010) . This is consistent with the notion that the performance deficit resulted from a failure of dopaminedepleted mice to complete movements of sufficient vigor to reliably collect reward. However, despite the decline in the peak velocity of reaches ( Figure 1K ), these velocities were still significantly tuned to block difficulty with a correlation similar to that of WT mice at all stages of dopamine depletion (Figures 2A and S3) . This observation is consistent with a stable slope, but reduced average, movement vigor observed in Parkinsonian patients (Baraduc et al., 2013) . Likewise, the increased total displacement (summed over all reaches) required to complete a block of trials requiring large, vigorous movements ( Figure 2B ) is akin to the selective increase in the number of attempts required to successfully perform large, rapid reaches in Parkinsonian patients (Mazzoni et al., 2007) .
Studies in animal models of acute dopamine depletion have observed a reduced willingness of an animal to engage in effortful, reward-seeking actions (Salamone and Correa, 2012) . Behavioral studies in Parkinsonian patients have argued that bradykinesia is a consequence of an increased probability that a slow movement is made (Mazzoni et al., 2007) rather than an explicit unwillingness to perform effortful movements. This prompted us to examine whether the behavioral deficit in the MitoPark mice was secondary to a declining motivation to collect reward or disrupted adaptation of movement vigor.
We first note that although MitoPark mice with substantial dopamine depletion develop bradykinesia, it is due to a change in the mean velocity of forelimb movements rather than an inability to adapt the relative vigor of movement to block difficulty ( Figure 2A ). Moreover, MitoPark mice exhibited more total movement per trial in the hardest blocks relative to their WT counterparts ( Figure 2B ) suggesting intact motivation to pursue reward. Consistent with this observation, we found that there was a significant reduction in the frequency of forelimb movements (Figure 2C) , but that this change was independent of block. The decrease in the average velocity of movement was likely not a consequence of aberrant motor control, because the tortuosity of reach trajectories was not correlated with block ( Figure S3 ). Finally, when we examined blocks of reduced difficulty that were added to the end of a session, we found that MitoPark mice completed the early and late blocks of equivalent difficulty at indistinguishable rates ( Figure S5 ), suggesting that the increased time to complete the most difficult trials was not related to fatigue or decreasing motivation to collect water as the session progressed.
How does dopamine depletion result in bradykinesia? The intact tuning of reach velocity to trial block suggests that MitoPark mice are still able to detect changes in reward rate and adapt movement vigor. For example, the correlation between the instantaneous reward rate and total displacement was independent of PDD ( Figure 2D ). To efficiently solve the task, movement vigor should be adapted not only to the instantaneous reward rate, but also as a function of the history of reward (i.e., effort across trials with a consistent threshold should be consistent). We thus computed a multiple regression between the average velocity of movement and the instantaneous reward rate over recent trials ( Figure 2E ). While the initial derivative component was unaltered, MitoPark behavior was characterized by sustained non-zero b values that extended for several trials of reward history. Thus, our data suggest that dopamine depletion does not impair the ability to detect changes in reward or even to transiently adapt movement vigor, but rather leads to a sustained drift toward lethargy independent of recent experience.
Neural Correlates of Movement Vigor in the Dorsal Striatum
It has been suggested that dysregulated neural activity in the dorsal striatum (Mazzoni et al., 2007; Niv et al., 2007) , the major target of midbrain dopamine projections and the structure with most profoundly impaired dopamine levels in the MitoPark mice (Galter et al., 2010) , could underlie the impairment in movement vigor following PDD. To examine the striatal representation of forelimb movements and its sensitivity to PDD, we recorded activity in the dorsal striatum of WT and MitoPark mice at R20 weeks of age-a point at which MitoPark mice show profound behavioral deficits and have <20% the striatal dopamine concentration of WT mice. Using silicon probe electrode arrays that span $1.5 mm of dorsal striatum, we were able to record the activity of a population of single units (N = 423) in WT mice performing the effort-based operant task. We observed single units with significant positive or negative modulation of firing rates throughout the duration of forelimb movements ( Figures  3A-3C ). The fraction of units with significant firing rate modulation during forelimb movement was substantial in the motor cortex-recipient dorsal striatum of WT mice (47%; n = 198 out of 423, Figures 3D and 3F ), but dropped dramatically in MitoPark mice (18%, n = 71 out of 403, Z = 9.92, p < 0.001, two sample proportion test, Figures 3E and 3F ). The multiple degrees of freedom available for movement lead to many spatiotemporal patterns of muscle contraction that produce movements of a given vigor (Wolpert and Ghahramani, 2000) . For example, consider two movements of a similar amplitude and duration: for movements with a more rapid initial acceleration a larger, delayed deceleration would be required. Thus, a neural representation of vigor could be reflected in multiple phases of movement execution. This prompted us to examine the dynamics of the neural representation of movement vigor and its sensitivity to PDD. Due to the highly variable duration of reaching movements, we computed the phase of each spike as a function of the duration of individual reaches to produce a peri-event phase histogram (PEPH) ( Figure 4A ). Across the population, the majority of the variance of the PEPH structure was captured by a linear and quadratic function of reach phase reflected by the first two principal components ( Figures 4B and  4C) ; each PEPH was thus fit with a second-order polynomial and the slope and curvature terms extracted.
This analysis revealed four distinct functional classes defined by the phase of movement in which units were the most active: onset near the start of movement, offset near the end of movement, on/off near the start and end of movement, and duration units throughout movement (Figures 4A-4C ). Negatively modulating cells were defined as those whose activity was suppressed during movement. We found that the distribution of response classes in WT mice was dominated by onset units characterized by a negative slope and little curvature in the PEPH and duration units characterized by a near zero slope and negative curvature ( Figure 4A ). Analogous response classes were observed in MitoPark mice ( Figures 4D and 4E) ; however, the population of modulated neurons in MitoPark mice revealed an absence of transient recruitment of striatal units around movement onset, indicative of a disproportionate loss of onset units (n = 98 cells in WT; n = 8 in MP, Figures 4F and 4G ).
Bradykinesia that results from PDD is correlated with a change in the dynamics of striatal activity after initiation, especially during the earliest phase of a forelimb movement (i.e., prior to the peak velocity and amplitude of the reach). This suggests that striatal activity could play a causal role in determining movement vigor. Consistent with a role for striatal activity in determining movement vigor, we note that onset cells are most active at an early phase of movement (0.46p ± 0.26 SD; Figure 4B )-well before the later phases of the reach where either velocity (0.95p ± 0.01 SD) or amplitude (2p) is maximal. However, it is also possible that the disrupted neural representation of movement is, in part, a consequence of altered movements. To address this question, we first sought a more quantitative description of the reach trajectories themselves (Figures 5A-5D ). We found that over the course of PDD, there was no significant change in the tortuosity of reaches ( Figure 5A ). This is consistent with a preserved control of coordination in MitoPark mice, similar to evidence for the unimpaired coordination in Parkinsonian patients (Baraduc et al., 2013; Mazzoni et al., 2007) . We next examined aligned reach trajectories taken from recording sessions in the WT and MitoPark mice ( Figure 5B ). We found that the trajectories were highly similar with no change in off-axis movement, but a selective decrease in the amplitude and velocity of the movement along the major axis of the trajectory ( Figure 5C ) due to a redistribution of reach velocities within the same range of absolute velocities ( Figure 5D ). Thus, the disrupted neural representation of movement vigor was present despite the fact that MitoPark mice could and occasionally did make equivalently rapid movements to WT mice. Further, a disrupted neural representation of movement was present when controlling for reach velocity ( Figure S6 ) and without a change in the maximal firing rate modulation ( Figure S7 ).
If activity in dorsal striatal neurons is sufficient to control movement vigor, then on a given reach neural activity should predict vigor. Indeed, we observed a substantial fraction of units in which the maximum instantaneous firing rate during a reach correlated with the effort (amplitude and velocity) of the movement ( Figures  5E-5H ). We found that single unit firing rates were well correlated with several features of reaches (amplitude, velocity; Figure 5F ) and substantially less with parameters that reflect the coordination of movement (tortuosity, direction). The correlation between neural activity and reach velocity was strongest for the current reach, with reduced correlation to either prior or subsequent reaches ( Figure 5G ). The correlation between neural activity and reach parameters was not independent: units with strong correlations to reach velocity also tended to be well correlated with the reach distance (path length; Figure 5H ). Across the population of units in MitoPark mice, the mean magnitude of the correlation with velocity was, however, significantly reduced without a change in the correlation with distance ( Figure 5H ).
Neural correlates of reach velocity were most prevalent in the onset and duration classes (90% and 94% of cells, respectively), with the offset and onset/offset classes displaying more modest correlations with movement vigor (54% and 43% of cells, respectively). A significant decrease in the fraction of duration cells in which maximum firing rates correlated with peak reach velocities was observed in MitoPark mice (n = 63 cells, 94% modulated in WT n = 42, 27% modulated in MitoPark, Z = 4.934, p < 0.01, two sample proportion test). Less pronounced differences between the WT and MitoPark groups were observed for the offset (n = 13 cells, 54% modulated in WT and n = 4 cells, 25% modulated in MitoPark), onset/offset (n = 14 cells, 43% modulated in WT, n = 6, 52% modulated in MitoPark), and duration (n = 63 cells, 54% modulated in WT, n = 42 cells, 52% modulated in MitoPark) classes (see also Figure 6 ).
Further consistent with a causal role, we found that activity prior to movement initiation was altered in MitoPark mice and that pre-movement activity of many individual neurons was predictive of the velocity of the upcoming reach ( Figure S7 ). Thus, these data suggest a model in which the loss of onset cells and the impaired coding by duration cells combine to reduce the vigor of the currently executed movement, producing a persistent bias toward bradykinesia.
Dopamine Repletion Ameliorates the Neural Representation and Behavior
If the observed changes in the striatal population dynamics indeed represent a putative circuit mechanism of the bradykinetic phenotype in PDD, then not just the behavioral, but also the neural phenotype may be ameliorated by acute restoration of dopaminergic tone. Oral levodopa (LD) administration is the most widely used pharmacological dopamine replacement therapy for Parkinson's disease. In patients it produces a dramatic amelioration of both akinesia and bradykinesia (Berardelli et al., 2001 ) and in rats it can partially normalize striatal activity following acute depletion of dopamine (Hernandez et al., 2013) . In MitoPark mice, we observed a progressively more pronounced effect of oral L-DOPA treatment (see Experimental Procedures) on voluntary movement in the open-field locomotion assay with PDD. At $24 weeks of age (>12 weeks of training) L-DOPA treatment restored the amount of voluntary movement to near WT levels (Galter et al., 2010) and partially restored the velocity of progressions ( Figures 6A and 6B ). There were no significant effects of an equivalent course of L-DOPA treatment on WT behavior (Figures 6A and 6B) .
To further test the link between movement vigor and neural dynamics in the basal ganglia, we assessed the effect of L-DOPA treatment on behavioral and neural phenotypes observed in MitoPark mice in our effort-based task. L-DOPA treatment lead to a dramatic improvement in performance by MitoPark mice, evidenced by a $50% reduction in the mean time to complete trials ( Figure 6C ), despite unchanged total number of reaches made per trial ( Figure 6D ). The improvement in task performance was a consequence of an increased rate and velocity of forelimb movements ( Figures 6E and 6F) . The latter resulted from a restoration of the relatively symmetric distribution of reach velocities, reflected by a reduction in the skew (Figures 6G and  S5) . Importantly, L-DOPA treatment did not impair the tuning of reach velocity to block ( Figure 6H) .
Analysis of an additional 465 single units in MitoPark mice performing the effort-based task following L-DOPA administration revealed a significant increase of the proportion of cells that significantly modulated their firing rate during forelimb movements ( Figure 6I ; n = 127 cells in LD-treated MitoPark mice, n = 71 in untreated MitoPark mice; Z = 3.4, p < 0.001, two sample proportion test). Although the proportions of onset/offset and offset cells within this population were restored to levels indistinguishable from those observed in WT mice, the effect on the other functional classes was either partial or excessive (Figure 6J ). For example, the proportion of onset cells did increase significantly (n = 33 cells in L-DOPA-treated MitoPark mice, n = 8 in untreated PD mice; Z = 3.5, p < 0.001, two sample proportion test), but did not reach the level of WT mice (n = 33 in L-DOPA-treated MitoPark mice, n = 98 in untreated WT mice, Z = 6.8, p < 0.0001, two-sample proportion test). Moreover, L-DOPA treatment had no significant effect on the proportion of duration cells. These results indicate that in just a few tens of trials, the deficit in the neural representation of forelimb movements in the dorsal striatum can be significantly ameliorated by acute restoration of dopaminergic tone.
Suppression of Striatal Activity during Movement Reduces Vigor
The observed tight link between the state of striatal dopaminergic signaling and movement vigor provides strong support for the notion that the basal ganglia is involved in the online control of movement. However, changes in neural activity in the basal ganglia that result from the altered dopaminergic state in MitoPark mice with and without L-DOPA treatment presumably are not restricted to movement execution ( Figure S7 ) (Hernandez et al., 2013) . Although the largest functional changes were found during movement, it remained uncertain whether a reduced recruitment of striatal activity during movement was sufficient to reduce movement vigor. We therefore asked whether acutely suppressing activity of striatal projection neurons selectively during movement would alter movement vigor. We trained an additional three mice expressing Archaerhodopsin-3 (Han et al., 2011) in direct pathway neurons of the striatum (Gong et al., 2003) to perform the effort-based task. Once animals attained expert performance, we suppressed striatal activity on 19.2% ± 2.8% of reaches (randomly selected) by delivering light through bilateral optical fibers implanted at the center of our recording target in dorsal striatum ( Figure 7A ). We ensured that the perturbation was done selectively during movement by triggering light delivery only after trial start and once the reach had crossed a threshold lower than the threshold of the easiest block ( Figure 7B ). We observed a systematic reduction in peak velocity of reaches in ''light ON'' trials for all mice (p < 0.001; paired t test), whereas reach amplitude and tortuosity were unaffected by the presence or absence of photostimulation (p > 0.97; Figure 7C ). Acute suppression of striatal activity during movement execution is thus sufficient to selectively induce bradykinesia of forelimb movements similar to that produced by PDD.
DISCUSSION
The neural mechanisms for the precise control of movement remain poorly understood (Doya, 2000; Shenoy et al., 2013) . The view that the basal ganglia are selectively engaged in the planning and selection of specific movements learned through reinforcement has been ascendant (DeLong and Wichmann, 2009) and focused substantial interest on the physiological correlates of reward processing and action initiation. Here, we provide evidence that the dynamics of activity in the dorsal striatum is critical for controlling the vigor of movements during execution . Single units in the dorsal striatum represent the velocity of forelimb movement, with the largest modulation of activity occurring early in movement execution. A profound disruption of the striatal representation of movement vigor is observed in PDD concomitant with the emergence of a dramatic behavioral deficit. The tight link between striatal dynamics and control of movement vigor is particularly apparent from our finding that amelioration of the behavioral phenotype by L-DOPA treatment is accompanied by a rapid amelioration of movement-related striatal activity. Finally, we show that acute manipulation of striatal activity during movement is sufficient to produce bradykinesia. Thus, the vigor of a currently executed movement is determined, at least in part, by striatal activity. Furthermore, dopamine depletion is associated with a dramatic alteration in striatal population activity recruited during effortful, purposive movement.
Here, we show that progressive depletion of midbrain dopamine neurons leads to a concomitant emergence of akinesia and bradykinesia. Bradykinesia in MitoPark mice does not appear to be secondary to altered control of movement, but rather reflects a reduced probability of committing vigorous actions even when it is required for efficient collection of reward. These results closely resemble recent observations in Parkinsonian patients (Baraduc et al., 2013; Mazzoni et al., 2007) . Our observation of normal sensitivity to reward rate (Figures 2D and 2E) suggests that reward processing may be relatively spared in MitoPark mice. This could reflect the relative sparing of ventral tegmental dopamine neurons in MitoPark mice at the stage of PDD examined (Ekstrand et al., 2007) . Dopamine neurons are also not uniquely required for signaling reward information, as reward prediction signals have been observed in nondopaminergic neurons in the basal ganglia (Bryden et al., 2011; Cohen et al., 2012; Fan et al., 2012; Pan et al., 2013; Stalnaker et al., 2012) and other brain areas (Schultz, 2006) . There is good evidence, for example in the control of bird song, that multiple distinct neural states can produce equivalent movements (Leonardo, 2005) . In this sense, it is likely that striatal activity provides one neural mechanism sufficient for invigorating action, but is not the only mechanism by which movement vigor can be altered. The intact single trial changes in movement vigor could reflect adaptive changes in movement elicited by circuits outside the dorsal striatum with access to information about reward, e.g., cerebellum (Doya, 2000; Stein and Aziz, 1999) . In mice with PDD described here, in primates with striatal inactivations (Muranishi et al., 2011) , and in Parkinsonian patients (Mazzoni et al., 2007) , changes in outcome fail to be incorporated into persistent changes in behavior. In the context of our task, we observed an intact adaptation of movement vigor on the trial subsequent to a change in reward rate, but a persistent drift toward reduced movement vigor on subsequent trials (Figure 2E) . Acute optogenetic silencing and progressive dopamine depletion both indicate that robust movement-related activity in the dorsal striatum is necessary for executing vigorous voluntary movements. Dopamine repletion with a synthetic precursor produced rapid (minutes) amelioration of movement-related activity in the dorsal striatum and increased movement vigor. Thus, these data suggest a model in which intact dopamine signaling is required for the stable emergence of movement-related population activity in the striatum, and this population activity in turn mediates persistent changes in movement vigor. It is important to note that while we have shown striatal activity prior to and during movement is sufficient to determine movement vigor, striatal activity at later phases of movement (e.g., duration cells) provides a reliable correlate of movement vigor that may be used for learned changes on subsequent trials. Tonic dopamine in the dorsal striatum has been proposed to be essential for regulating movement vigor (Mazzoni et al., 2007; Niv et al., 2007) -a model in which increased motivation to obtain reward is tied to the invigoration of the reward seeking actions. The progressive depletion of midbrain dopamine neurons and pharmacological repletion with L-DOPA are thought to modulate tonic dopamine levels consistent with such a model. However, there is evidence that MitoPark mice have severely compromised phasic dopamine release in addition to a reduction in tonic dopaminergic tone (Good et al., 2011) . A further complication is our observation that, under stable motivation to seek reward, mice can flexibly increase and decrease movement vigor ( Figure S5 ). Thus, the detailed circuit mechanisms by which dopamine signaling is required for persistent changes in the striatal representation of movement remain to be fully elucidated.
It is unknown whether the functional response classes reported here map onto specific neuron types. The rapid emergence of neural correlates of movement vigor following the acute restoration of dopaminergic tone suggests that these functional properties are acquired through learning rather than being determined by afferent or efferent connectivity. In our data, $40% of neurons recorded in a region of dorsal striatum with substantial input from frontal/motor cortex (Pan et al., 2010 ) had significant modulation during forelimb movements. One possibility is that these 40% are predominantly direct pathway neurons. Consistent with such an interpretation, we show that acute suppression of direct pathway neurons during movement is sufficient to elicit bradykinesia (Figure 7) . Alternatively, a recruitment of both direct and indirect pathway neurons is consistent with the recent observation that lever pressing recruits both pathways (the relationship to movement vigor was not studied) (Cui et al., 2013; Isomura et al., 2013) . A balanced recruitment of direct and indirect pathway neurons could be important for selective invigoration of a specific movement without a concomitant invigoration of, or aberrant initiation of, competing behaviors, i.e., to prevent a generalized invigoration of behavior in this context . This latter alternative would be more consistent with previous functional models that propose the basal ganglia selects among competing motor programs (Mink, 1996) . Developing molecular strategies to identify and manipulate specific functional classes of striatal neurons could prove critical for effective intervention against bradykinesia.
Whether lessons learned in a mouse model of PDD will be applicable to patients with Parkinson's disease remains an open question. One way to test the applicability of our findings is to extend functional imaging studies (Martinu et al., 2012) to determine if there is selective loss of phasic striatal activity during vigorous movements in Parkinson's patients. In dopaminedepleted mice, we observed an increase in striatal activity prior to movement ( Figure S7 ) followed by an aberrant reduction in activity during early phases of movement execution. From these results, we predict that optimal intervention strategies in Parkinson's disease would be those that restore the relationship between pre-movement activity and phasic activity during movement execution. Pharmacological restoration of dopaminergic tone was relatively effective, however it also appeared to aberrantly alter aspects of the neural representation of movement that could be problematic. Deep brain stimulation applied without respect to movement timing partially ameliorates bradykinesia in human subjects (Baraduc et al., 2013) . We propose that a strategy combining open-loop deep brain stimulation with closed-loop changes in stimulation during movement execution could offer the potential for improved outcomes in subjects with severe bradykinesia.
EXPERIMENTAL PROCEDURES Subjects
All experiments and procedures were approved by the Institutional Animal Care and Use Committee and were consistent with the standards set forth by the Association for Assessment and Accreditation of Laboratory Animal Care. The MitoPark model achieves cell type-specific deletion of dopamine neurons by crossing mice with a knock-in allele of cre-recombinase driven by the dopamine transporter (Slc6a3) with a knock-in floxed Tfam allele. Following recombination, deletion of TFAM produced progressive dopamine cell loss concurrent with motor dysfunction (Ekstrand et al., 2007) . Six WT (DAT::cre +/+ 3 TFAM loxP/loxP ; three males, three females) mice and six MitoPark (MP; DAT::cre +/cre 3 TFAM loxP/loxP ; three males, three females) mice were longitudinally followed for the duration of the study ($9-26 weeks).
For optogenetic experiments (Figure 7 ), experimental subjects were three adult male mice generated by crossing Drd1a::cre mice with mice that drove Archaerhodopsin-3/eGFP expression following recombination mediated by cre recombinase. The surgical protocol was initiated between 9 and 11 weeks and performed as described previously (Osborne and Dudman, 2014) . 
Effort-Based Operant Task
In the head-fixed reaching task a total of 102 WT and 92 PD sessions were recorded longitudinally at regular intervals between 14-24 weeks and 12-22 weeks of age for the WT and PD groups, respectively. Mice were restricted to consume 1.5 ml of water per day obtained primarily in the task. Mice underwent three training sessions in the head-fixed rig prior to data acquisition to ensure task learning. Mice were placed in a darkened chamber with both paws positioned on a small metal handle (1.5 mm o.d.) attached to a joystick with two degrees of freedom. Movement was coupled to a variable resistor, whose voltage drop was recorded at 10 kHz, filtered, smoothed and downsampled to 250 Hz resolution. Task details are described in the main text with additional specific details provided in the Supplemental Experimental Procedures.
Analysis of Movement Trajectories
Discrete trajectories, defined as a reach, were extracted by detecting periods of sustained movement with a speed >0.75 cm/s. Reaches were required to last at least 100 ms and were considered discrete reaches if there was a period of at least 100 ms of subthreshold velocity prior to the next reach. Reach initiation and termination were determined by inferring time points of zero-crossings in movement velocity (with a noise tolerance determined separately). In the absence of a zero crossing, a point of zero acceleration was used to determine end points. The analysis of reach trajectories followed a technique described in detail previously (Gallivan and Chapman, 2014) and additional details can be found in the main text and in the Supplemental Experimental Procedures.
Electrophysiological Recordings
Extracellular electrophysiology was performed in the dorsal striatum of awake, behaving mice during the joystick task in WT, MitoPark, and LD-treated MitoPark groups. Sixty-four -channel silicon probe arrays (NeuroNexus; ''Buzsaki64'' site arrangement) were acutely implanted in the dorsal striatum (0 mm from bregma, À2.0 mm to À3.0 mm depth from surface) for two to four recording sessions over several days per animal. Recordings were performed at the end of behavioral training, after L-DOPA sensitivity was apparent in MitoPark mice and when task time plateaued in WT mice (19-26 weeks in MitoPark, 24-29 weeks in WT mice). Electrodes were prepared for recording by reducing the site impedance below 750 kOhm. Broadband continuous data (0.1 Hz-7.5 kHz) were recorded with simultaneous sampling of voltage from the joystick, the lick port, and digital signals from the behavior control system (30 kHz sample rate on all channels; Blackrock Microsystems). Probes were coated with fluorescent coating (DiI) for site localization during histology. Additional details about data analysis and spike sorting are provided in the Supplemental Experimental Procedures. All analyses and figures for the manuscript were generated in MATLAB 2013a or later and Igor Pro Version 6.2+. All statistical tests were implemented using the Statistics Toolbox for MATLAB with a significance threshold of 0.05 unless otherwise indicated. 
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